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1.0 Introduction ---------------- 
The space station Critical Evaluation Task Force (CETF) which met at 
the Langley Research Center August 23 through September 12, 1986, 
identified alternate o p t i o n s  to the then-baselined Initial Operating 
Capacity (IOC) space station and its assembly sequence. Cui tical eval- 
uation factors included the amount of EVA required for assembly and 
maintenance of the station, launch capacity of the shuttle fleet as- 
sembly sequence of the baseline configuration, any resultant impact of 
alternate options to the utilization o f  the station and on international 
partners, and overall technical performance and integrity of the station. 

F o r  the analysis described herein, five representative configurations 
were selected from the various alternatives presented to the CETF, and 
were examined to determine their vibration and attitude control char- 
acteristics. These five represented a version of the currently baselined 
dual keel as well as four intermediate stages of assembly. Thus, the an- 
alysis shows the changes that are likely to occur in the characteristics 
of the system as the station progresses from a simple boom structure to 
a mature dual keel. 

The purpose of this report is to describe the models which were devel- 
oped and the results of the vibratiurr a n d  attitude control analyses. 

2.0 Selected Configurations --------------____--------- 

Because of the time constraints imposed by the CETF, completion of this 
study required that the configurations to be modelled and analyzed be 
selected prior to the task force finalizing the details of its recom- 
mended options (see reference 1)*. The configurations presented herein, 
though not identical to the specific option recommended by the CETF, 
are sufficiently representative f o r  the purpose of vibration and attitude 
control analysis. Where a specific modelling decision was required, i t  
was done to produce a conservative result. The configurations studied 
in  this report are summarized below. 

Configuration A (Boom with Photo-Voltaic power): 

The major components of this configuration appear in table 
1 and can be seen on figure 1. I t  was evaluated to determine 
its vibration modes with and without the shuttle attached. 
When the structure is attached to the orbiter payload bay, 
the situation is representative of the final stages of the 
second assembly flight as described i n  reference 1. 

The primary concern of this analysis relates to orbiter pay- 
load requirements and orbiter attitude control with a large 
truss structure attached (See Ref. 2 for a similar analysis). 

* The CETF produced no referencable documentation. Most of the CETF 
results have been baselined by the space station program and in- 
corporated into the apprpopriate places in the documentation tree. 
Reference a is one example of this process. 
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Configuration B (Boom with PV and U.S .  Modules): 

I 

The components of this configuration are shown in table 1 and 
the complete configuration appears on figure 2. I t  corresponds 
approximately to the configuration that would be achieved after 
the seventh flight of the assembly sequence recommended by the 
CETF . 

Configuration C (Configuration B with MSC and Solar Dynamic Power): 

Configuration C contains the components shown in table 1, and 
appears as shown on figure 3. I t  corresponds approximately to 
the configuration which results from nine flights of the re- 
commended CETF assembly sequence. 

Configuration D (Configuration C with ESA and JEM Modules): 

This configuration is identical to configuration C except for 
the addition of the international modules. Table 1 and figure 4 
show its major co~iponer~ts. Conf iguration 0 corresponds approx- 
imately to the result of eleven flights of the recommended 
CETF assembl y sequence , 

Configuration E (Reference Dual Keel) : 

Configuration E includes all the major components in table 1 
and is shown on figure 5. I t  closely resembles the dual keel 
configuration which served as the initial reference f o r  the 
CETF activity, and is also highly representative of the final 
dual keel configuration which would result from sixteen flights 
of the assembly sequence recommended by the CETF. However , con- 
figuration E ,  like the initial reference configuration, includes 
a back porch, whereas the final CETF dual keel did n o t .  While 
the presence of a back porch produces a stiffer structure, the 
overall characteristics are similar enough to those of the final 
CETF configuration that the results are valid and meaningful. 
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Table  1 : M a j o r  C o m p o n e n t s  o f  e a c h  C o n f i g u r a t i o n  

I I 
I C o n f i g u r a t i o n  I 
I I 

I I I I I I I 
1 C o n f i g u r a t i o n  I k I B I C I D I E I 
I ( Comp. W t .  1 I I I I I I 
I I I I I I I 
I I I I I I 
I PU M o d u l e  I X I x I X I >i; I X 
I < 1 0 3 5 1  l b f  j I I I I I 
I I I I I I 
I 4 RCS P o d s  I >< I X I X I x I X 
I [ 8420 lbf 1 I I I I I 

I I I 1 
I x I x I x i X 

I I 
I R a d i a t o r  I x 
I I 4940 l b f  j I I I I I I 

I I 
I x I 

I / I I I 
I M o d u l e  C l u s t e r 1  ! x I x I c % 

I I 1 2 9 0 0  l b f  1 I i I I I I 
1 I 
I X 1 

I I I 
I SAAX0251 I I .A. 

i 939 i t f  j I I I I I I 

y 

I I 
I >i: I x \.a 

I 1 I I 
I :x: i x I 

I I I 
I ~ ~ r i : x 2 4 2 1  I I x 1 /‘. 
I [ 4020 l t l f  :I I I I I I I 

I 
I 

I I I I I I 
I rise I I I x I x I A 

I [ 10800 l t f  1 I I I I I I 

i / 

., .. 

I 1 “ I  I I I I 
I S o l a r  D y n a m i c  I I I x I .J.. I X 
I C o l l e c t o r s  I I I I I 
I C 23350 l b f  1 I I I I I 
I I I I I I 
I ESA M o d u l e  I I I I ;< I x 
I ( 43000 lbf j i I i I I 
I I I I I I 
I JEM M o d u l e  I I I I x I x 1 
I C 6G150 l b f  1 I I I I I I 
I I I I I I I 
I Back P o r c h  I I I I I x I 
I ( 1373 l t l f  :I I I I I I I 
I I I I 1 I I 
I D u a l  Keels I I I I I r: I 

., .. 

N o t e s  : 1. C o n f i g u r a t i o n s  A and 13 h a l ~ e  o n l y  o n e  R a d i a t o r ,  w h i l e  C ,  

2 .  T h e  M o d u l e  Cluster i n c l u d e s  t h e  U S  LAB a n d  HAB m o d u l e s ,  
D ,  a n d  E have two .  

f o r e  and a f t  n o d e s ,  2 t u n n e l s ,  a h y p e r b a r i c  c h a m b e r ,  t h e  
LOG m o d u l e ,  a n d  o n e  C u p u l a .  

I , 
, 
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3.0 Method o f  A n a l y s i s  ---------------------- 

The f i v e  CETF c o n f i g u r a t i o n s  d e s c r i b e d  above were ana lyzed i n  t w o  
s teps ;  t h e  n a t u r a l  modes and f r e q u e n c i e s  o f  each conf  i g u r a t i o n  were 
determined,  and the r e s u l t s  were used t o  e v a l u a t e  the  r e l a t i v e  con- 
t r o l l a b i l i t y  c h a r a c t e r i s t i c s  o f  c o n f i g u r a t i o n s  8, C ,  D, and E .  The 
f o l l o w i n g  s e c t i o n s  d e s c r i b e  the  f i n i t e  element m o d e l s  t h a t  were de- 
veloped, as well as t h e  s p e c i f i c  approaches fo l i c lwed t o  determine t h e  
v i b r a t  i Q rr .m d a t  t i t ude con t r o 1 char a c t  e r  i 5. t i cs. o f  each co n f i gu r a t i cl n , 

3.1 F i n i t e  Element Models --------------_---------- 

Models o f  each c i f  the f i v e  conf  i g u r a t i c l n s  were de~veloped u s i n g  the  
SUPERTAB f i n i  t o  element m o d e l l i n g  package, and the  v i t l r a t i o n  a n a l y s i s  was 
done w i th  the  MSC/NASTRAN f i n i  t e  element a n a l y s i s  program. Each model 
c o n s i s t e d  o f  an a p p r o p r i a t e  number o f  t r u s s  hays, w i t h  t r u s s  members 
mode l led  as r o d s  ( a x i a l  s t i f f n e s s  only:! , and connected bl, ;.in j o i n t , l -  
wh ich  were model led as lumped r i~asses. The p h y s i c a l  and m a t e r i a l  p r o p -  
e r t i e s  o f  t h e  t r u s s  members rep resen ted  the m o s t  up t o  date va lues  
av a i 1 a b l  e f o r ac t u a 1  p r o p o sed s p  ace s t a t i o n t r u 5.5. memtler 5. . 
M o s t  c1f t he  payloads C I ~  each I=onf i giurat i on were  riiodeled as. riia5.s and 
i n e r t i a  o n l y  and were p u t  i n  t h e  a p p r o p r i a t e  p o s i t i o n  on the  s t r u c t -  
u r e  as i n d i c a t e d  by t h e  p r e l i m i n a r y  i n f o r m a t i o n  f r o m  the  CETF a c t i v -  
i t y .  H o w e v e r  , t h e  US HAE and LAB modules, t h e  i n t e r n a t i o n a l  rimdlule5, 
t he  r a d i a t o r s ,  and the  p h o  t o - v o l  t a i c  boorrls were a l l  r i lodel led as beams 

t o r s i  cl n a1 an d ax i a1 s t i f f n e s s e  s accu r a t e l  y r e p  r esert t ed . i t h ben d i n g , 
8 e c a ~ s e  o f  t he  requirements. o f  the CETF till r e - e v a l u a t e  p r e v i o u s  de- 
c i s i o n s ,  i t  was necessary t o  de termine  the  dynamic c h a r a c t e r i s t i c s  o f  
t he  f i v e  con f igu ra t imns  w i th  b o t h  5 rileter anld 9 f o o t  t r u s s  bays I: see 
r e f e r e n c e s  3 and 4 1 .  H o w e v e r ,  because o f  t h e  t ime c o n s t r a i n t s  i t  hias 
n o t  pCfs5ible t o  develop 9 f o o t  v e r s i o n s  o f  each model. I ns tead ,  i n  an 
e f f o r t  t o  m in im ize  the  m o d e l l i n g  e f f o r t  and s t i l l  produce mean ing fu l  
r esu 1 t s t o  su pp o r t t h e  CETF der1 5 1 on mak. i rt 3 pro ce5.s. , each 5 met e r  rilo d e l  
was m o d i f i e d  t o  s imu la te  t h e  e f f e c t i v e  s t i f f n e s s  o f  an i d e n t i c a l  9 f o o t  
model. T h i s  was accomplished by s i m p l y  r e d u c i n g  the  modulus o f  e l a s t i c i t y  
f o r  each t r u s s  member by a r e d u c t i o n  factcar. The r e d i i c t i o n  f a c t o r  for 
t h i s  process  was c a l c u l a t e d  as f o l l o i A ~ s :  

. .  

IC 
4 meters  lG.404 f t 

Reduct ion Fac to r  = ( 9 f t  1' 16.404 f t  :)-)c-kZ = 0.301 

Thus, by  m u l t i p l y i n g  the  modulus o f  each t r u s s  member by 0 .301 , the  
system would e x h i b i t  t he  approx imate bending and t o r s i o n a l  s t i f f n e s s  
< though n o t  t he  a x i a l  s t i f f n e s s  ) o f  a 9 f o o t  bay t r u s s .  
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The aim o f  t h i s  a n a l y s i s  was t o  de termine  t h e  changes i n  t h e  n a t u r a l  
v i b r a t i o n  z h a r a c t e r i s t i c s  o f  t h e  space s t a t i o n  as i t  g r o w s  f r o m  a sin9ie 
t r u s s  b o o m  t o  a complete dua l  kee l  c a n f i g u r a t i o n .  I t  was a l s o  deemed 
necessary t o  r e - e v a l u a t e  t h e  d i f f e r e n c e s  between 5 meter and 9 f o o t  
t r u s s  bays. Thus, modes and f requenc ies  were o b t a i n e d  f o r  each o f  f i v e  
c o n f i g u r a t i o n s  w i t h  5 meter bays, as w e l l  as w i t h  t h e  e q u i v a l e n t  s t i f f -  
ness o f  9 f o o t  bayz. as descr ibed above. I n  a d d i t i o n ,  modes and f r e -  
quencies were c a l c u l a t e d  f o r  c o n f i g u r a t i o n  A w i t h  t he  s h u t t l e  a t t a c h e d  
t o  one end o f  t h e  boom, i n  order  t o  de termine  t h e  c h a r a c t e r i s t i c s  o f  t he  
system as t h e  i n i t i a l  t r u s s  assembly procedure nears  comple t ion .  I n  t h i s  
case, t h e  5 h u t t l e  was mode l led  as  rilass and i n e r t i a  o n l y ,  and was r i g i d -  
l y  a t t a c h e d  t o  t h e  end o f  t he  boom. 

3.3 A t t i t u d e  C o n t r o l  C h a r a c t e r i s t i c s  ------_------_----_---------------- 

A n a l y s i s  o f  a t t i t u d e  c o n t r o l  f o l l o w e d  t h e  approach o u t l i n e d  i n  NASA TM 
87679 (Ref .4). Ccfnf i g u r a t i o n s  B th rough E were eva lua ted  f o r  c o n t r o l -  
l a b i l i t y  about each o f  t h e i r  th ree  axes. The a t t i t u d e  c o n t r o l  l o o p  i s  
shown s c h e m a t i c a l l y  i n  the  block, d iagram o f  f i g u r e  6 ( F i g .  21 o f  Ref.  4 ) .  
A s  i n  Ref .  4,  t h e  dynamic re5.pons.e c h a r a c t e r i s t i c s  o f  t he  sensor package 
and the CMG's  a re  n = t  cunc ibered;  Hence, t h e  sensed a t t i t u d e  ang les  and 
r a t e s  a r e  exac t ,  and t h e  c o n t r o l  riloments produced b y  t he  CMG's  a r e  ex- 
a c t l y  those commanded. The c o n t r o l l e r  used he re  i s  t h e  compens.ated 
p r o p o r t i o n a l  p l u s  d i f f e r e n t i a l  (PD) c o n t r o l l e r  o f  Ref .  4. The f o r m  o f  
t h i s  c o n t r o l l e r  i s  d e f i n e d  by the t r a n s f e r  f u n c t i o n  

F o r  t h e  purposes o f  t h i s  s tudy ,  t h e  sensor W ~ S  assumed t o  tle co - loca ted  
w i t h t 71 e Co n t r o 1 Plo m e ri t G y r o :.. 3: G :j , 

The reader  i s  r e f e r r e d  t o  t he  s e c t i o n  ATTITUDE CONTROL SYSTEM STUDY o f  
r e f e r e n c e  4 f o r  a complete d e s c r i p t i o n  o f  t he  a t t i  tude c o n t r o l  a n a l y s i s  
methodology. The subsec t ion  " C o n t r o l  Law Compensation' p resen ts  t h e  
compensated PQ c o n t r o l l e r  which was adapted f o r  t h i s  s tudy .  

T h i s  c o n t r o l l e r  was designed t o  g i v e  a bandwidth o f  0.OlHz and 27.5% 
damping r a t i o .  T h i s  was t r a n s f e r e d  t o  t he  present  models by a d j u s t i n g  
t h e  g a i n s  o f  t h e  c o n t r o l l e r  o f  r e f e r e n c e  4 i n  p r o p o r t i o n  t o  t he  moments 
o f  i n e r t i a  o f  each c o n f i g u r a t i o n .  Values o f  t he  K and K ' ,  t he  p r o p o r -  
t i o n a l  and d i f f e r e n t i a l  ga ins ,  and o f  p 9  t h e  "break f requencyn o f  t h e  
f i r s t - o r d e r  l a g ,  used i n  t h i s  study a r e  g i ven  i n  t a b l e  2. I t  shou ld  be 
n o t e d  t h a t  f o r  each c o n f i g u r a t i o n ,  i d e n t i c a l  g a i n  va lues  were used f o r  
b o t h  t h e  9 f o o t  and 5 meter bay s i z e s .  T h i s  was done because the  method 
o f  s i r h u l a t i n g  t h e  s t i f f n e s s  o f  t h e  3 f o o t  bay s i r e  d i d  n o t  a l t e r  t h e  
mass p r o p e r t i e s  I see s e c t i o n  3 . 1  ) .  Modal damping o f  0 . 5  percent  was 
assumed f o r  t h e  space s t a t i o n  t r u s s  s t r u c t u r e .  



B o d e '  p l o t s  c o n s t r u c t e d  f o r  each a x i s  o f  each m o d e l  w e r e  used t o  assess 
the  r e l a t i v e  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  each c o n f i g u r a t i o n .  The B o d e '  
p l o t s  w e r e  c o n s t r u c t e d  f o r  the c o r l t r o l l e r  a c t i n g  o n  t h e  x - ,  $ 1 - ,  and 
z - a x e s  o f  the s p a c e  s t a t i o n ,  o n e  a t  a t i m e .  No a t t e m p t  143s m a d e  t o  
assess the  e f f e c t s  o f  c r o s s - a x i s  c o u p l i n g  w h i c h  may o c c u r  w h e n  the  
c o n t r o l l e r s  a c t  s i m u l t a n e o u s l y .  S i m i l a r l y ,  n o  a t t e m p t  w a s  m a d e  t o  tune 
the c o n t r o l l e r  o f  r e f e r e n c e  4 t o  the p r e s e n t  s t r u c t u r e s  e x c e p t  f o r  t h e  
p r o p o r t i o n a l  sh i f t  i n  g a i n s  a l r e a d y  m e n t i o n e d .  

Tab le  2 : C o n t r o l l e r  P a r a m e t e r  V a l u e s  

p = 0.0582 

1 

10 

I I 
I F e e d b a c k  G a i n s  U s e d  i n  each C o n f i g u r a t i o n  I 
I I 

I I I I I 
I C o n f i g u r a t i o n  I A x i s  I K I E ..' I 
I I I I I 
I I I I I 
I B I x I 31 3 , CI 0 0 . I 12,910,000. I 
I I Y I 33,900. I 1,398,000. I 
I I Z I 320 ,000. I 13,200,000. I 
I I I I I 
I I I I I 
I C I x I 1,138,000. I 46,900,000. I 
I I 'r' I 45,900. I l,894,ciclo. I 
I 1 Z I 1,136,000. I 46,800,000. I 

I 

I 
I 

I i3 
1 I I I 
I ', .+ c I 1,147,000. I 47,300,000. I 
I Y I 135,300. I 5,580,000. I 

Z I 1,225,000. I 50 , 50 0 , 0 0 111 . I I 

I 
I E 
I 

I I I 
I \ a  A I 1,922,000. I 79~300,000. I 
I 

I Y I 915,000. I 37,700,000. I 
I I i I 1,252,000. I 51,6C10,000. I T 



I-t 
w 
a 
3 

I- 

I- 
e 

E 
Y 
JI 
x cn 
4 

9 
Y 
C 
0 
0 

.A 

Y 
r a 
re 
0 

Em 
b. 
m 
m 
0 
.C( 

A 
U 
0 
4 
m .. 
40 

L 
3 m 
Lr. 
.C( 

11 



4.0 D iscuss ion  o f  Resu l t s  ......................... 
4.1 V i  b r a t i o n  C h a r a c t e r i s t i c s  _---------------------------- 

Tab le  3 s h o w s  t h e  frequency o f  t he  f i r s t  bending mode o f  t he  space 
s t a t i o n  boom f o r  each o f  t h e  assembly s tages rep resen ted  b y  c o n f i g -  
u r a t i o n s  A - E. I n  each case, t h e  f i r s t  bending mode o f  t he  boom was 
t h e  l owes t  t r u e  s t r u c t u r a l  mode f o r  t h e  system, though i n  some i n -  
s tances t h e r e  were v a r i o u s  appendage modes ( such as bending and t o r -  
s i o n  o f  t h e  s o l a r  a r rays  1 which appeared a t  lower f requenc ies .  The 
r e s u l t s  shown i n  t a b l e  3 p r o v i d e  a good summary o f  t h e  e f f e c t s  o f  ad- 
d i n g  t r u s s  and payloads t o  t h e  s t a t i o n ,  as w e l l  as the  d i f f e r e n c e s  
between 5 meter and 9 f o o t  t r u s s  bays. 

A s  expected, t h e  a d d i t i o n  o f  l a r g e  masses such as t h e  s h u t t l e ,  s o l a r  dy- 
namic c o l l e c t o r s ,  and US and i n t e r n a t i o n a l  modules t o  t he  s t r u c t u r e ,  de- 
creased t h e  frequency s i g n i f i c a n t l y .  I t  was o n l y  c o n f i g u r a t i o n  E, t h e  r e f -  
erence d u a l  k e e l ,  which showed an inc rease  i n  boom trending frequency f r o m  
t h e  p r e v i o u s  c o n f i g u r a t i o n .  A l s o  as expected, t h e  s t r u c t u r e s  w i t h  5 meter 
bays e x h i b i t e d  a s i g n i f i c a n t l y  h ighe r  f requency than t h e  s t r u c t u r e s  w i t h  
t h e  equiv  a l e n t  s t i f f n e s s  o f  9 f o o t  bays. 

Appendices A - E con ta in  t a b l e s  o f  mass p r o p e r t i e s ,  d e s c r i p t i o n s  o f  
v a r i o u s  v i b r a t i o n  modes, and p l o t s  o f  r e p r e s e n t a t i v e  modes shapes f o r  
each o f  t he  f i v e  conf i q u r a t i o n s .  

4.2 A t t i  tude C o n t r o l  C h a r a c t e r i s t i c s  ................................... 

The open l o o p  g a i n  -vs- f requency p o r t i o n  o f  t he  Bode' p l o t s  f o r  c o n f i g -  
u r a t i o n s  8 through E a r e  presented i n  appendices B through E r e s p e c t i v e l y .  
R e s u l t s  a r e  presented f o r  b o t h  9 f o o t  and 5 meter t r u s s  bay s i z e s  i n  
f i g u r e s  l a  and l b  o f  each o f  these appendices. A l though  Bode" analyses 
were completed f o r  each c o n t r o l  a x i s  o f  each c o n f i g u r a t i o n ,  on l y  t h e  
X-ax is  r e s u l t s  a r e  presented because the  g a i n  marg ins for the  X-ax is  
c o n t r o l l e r s  were c o n s i s t e n t l y  lower than f o r  t h e  o the r  axe's [ ~ . e e  ;able 4 )  . 
Minimum ga in  margins f o r  t h e  X-ax is  c o n t r o l l e r s  were c o n s i s t e n t l y  assoc- 
i a t e d  w i t h  t he  f i r s t  s t r u c t u r a l  mode o f  each c o n f i g u r a t i o n .  

All conf i g u r a t i o n s  and t r u s s  bay s i z e s  e x h i b i t e d  p o s i t i v e  ga in  margins.  
However, t h e  5 meter bay s i z e  s t r u c t u r e  c o n s i s t e n t l y  e x h i b i t e d  p o s i  t i v e  
g a i n  marg ins approximately 10 dB h ighe r  than the  9 f o n t  bay s i z e .  

I n  summary, .01 bandwidth compensated p r o p o r t i o n a l  p l u s  d i f f e r e n t i a l  con- 
t r o l l e r s  e x h i b i t e d  s t a b l e  performance or1 a l l  axes o f  a l l  t r u s s  bay s i z e s  
o f  a l l  c o n f i g u r a t i o n s .  The 5 meter bay s i z e  s t r u c t u r e  i s  more a t t r a c t i v e ,  
however, because of i t s  i n h e r e n t l y  h ighe r  s t i f f n e s s  and h ighe r  g a i n  mar- 
g i n s .  
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Table 3 : First Boom Bending Frequency for Each Configuration. 

I 
I Configuration 
I 

1st Boom Bending Frequency [ H z )  I 
I 

I I I 
5 Meter I 9 Foot I Total Wt. I 

I I < lbf 1 I 

I k I 0.60 I 0.29 I 62,700 I 
I I I I I 
I I I I I 
I A I 0.44 I 0.24 I 298,000 I 
I w/Shuttle I I I I 
I I I I I 
I I I I I 
I B I 0.46 I 0.24 I 209,000 I 
I I I I I 
I I I I I 
I c I 0.18 I 0.10 I '2519000 I 
I I I I I 
I I I I I 
i D I 0 .I? ! 0.10 I 367,000 I 
I I I I I 
I I I I i 
I E I 0.22 I 0.13 1 436,000 I 
I I I I I 

N o t e  : S h u t t l e  w e i g h t  = 235,000 lbf 
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T a b l e  4 : Ga in  M a r g i n s  and A s s o c i a t e d  F r e q u e n c i e s  f o r  each C o n f i g u r a t i o n  

- 
I I I 
I 9 F o o t  Bay S i z e  I 5 M e t e r  Bay S i z e  I 

~~~ ~~ 

I I I I I I I I 
I C o n f i g u r a t i o n  I X I Y  I Z I x I Y I Z I  
I I I I I I I i 
I I I I - I I I I 
I I I I I I I I 
I B : Boom w/PU I 22 d B  I 35 dB  I 23 dB I 3 0  dB I 4 3  dB I 33 dB I 
I 6 US M o d u l e s  I 0.24 Hz I 1 . 0 6  Hz I 0 . 2 4  Hz I 0 . 4 6  Hz I 1 . 4 4  Hz I 0 .60  Hz I 
I I I I I I I I 
I I I I I I I I 
I C : Boom w/PU, I 1 0  dB I 23 dB I 13 dB I 21 dB I 31 dB I 25 dB I 
I SD & US Mods  I 0.10 Hz I 0 . 1 3  Hz I 0 .10  Hz I 0 . 1 8  Hz I 0 . 2 4  Hz I 0 . 1 8  Hz I 
I I I I I I I I 
I I I I I I I I 
I D : Boom w/'PV, I 10 dB I 21 db I 1 0  dP I 21 dB I 3 0  dB I 22 dB I 
I SD, US, & I n t e r . /  0.10 Hz I 0 .10  Hz I 0.10 Hz I 0 . 1 7  Hz I 0 . 1 7  Hz I 0 .17  Hz I 
I M o d u l e s  I I I I I I I 
I I I I I I I I 
I I I I I I I I 
I E : R e f e r e n c e  I 1 7  dB I 18 dB I 20 dB I 26 dB I 30  dB I 23 dB I 
I D u a l  K e e l  I 0 .13  Hz I 0 . 1 3  Hz I 0 . 1 4  Hz I 0 . 2 2  Hz I 0 . 3 3  Hz I 0 . 2 3  Hz 1 
1 I I I I I 1 1 

N o t e s  : 1. Gain  M a r g i n s  c o r r e s p o n d  t o  a 0 . 0 1  Hz b a n d w i d t h  and a 27.5% d a m p i n g  

2. T h i s  ar .a i ! , ) s i s  w a s  n o t  p e r f o r m e d  f o r  c o n f i g u r a t i o n  A ( Bourn w/FV 1 .  
3. See a p p e n d i c e s  B, C ?  D, and E f u r  t he  m i n i m u m  g a i n  m a r g i n  Bode  

r a t i o .  

p l o t s  a n d  a s s o c i a t e d  mode s h a p e  p l o t s .  
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V i b r a t i o n  a n d  a t t i  t u d e  c o n t r o l  ana lyses  o f  s e v e r a l  s t a g e s  d u r i n g  b u i l d u p  
o f  a n  IOC s p a c e  s t a t i o n  w e r e  c o n d u c t e d .  B o t h  9 f o o t  and  5 meter t r u s s  
bay s i z e s  w e r e  i n v e s t i g a t e d .  A l l  c o n f  i g u r a t i c r n s  a n a l y z e d  w e r e  s t a b l e ;  
h o w e v e r ,  the 5 meter t r u s s  b a y  S i z e  c . t r u c t u r e  e x h i b i t e d  s u p e r i o r  s t ab -  
i l i t y  c h a r a c t e r i s t i c s .  

1. 

2. 

3. 

4. 

Program D e f i n i t i o n  a n d  P r o g r a m  R e q u i r e m e n t s  D o c u m e n t  , J S C  300CirJ? 
S e c t i o n  3 : S p a c e  S t a t i o n  S y s t e m s  R e q u i r e m e n t s  R e v i s i o r ~  C ,  December 
1986. 

K a s z u b o w s k i ,  M .  ; R a n e y ,  J. P. : " A n a l y s i s  o f  The E f f e c t s  o f  F i r i n g  
Orb i t e r  P r i m a r y  R e a c t i o n  C o n t r o l  S y s t e m  Je ts  w i t h  a n  A t t a c h e d  Truss  
S t r u c t u r e " ,  NASA T e c h n i c a l  Merr iorandum 89031, A u g u s t ,  1984. 

H o u s n e r  J e r r o l d  PI. ; " S t r u c t u r a l  D y n a m i c s  Model  a n d  R e s p o n s e  
o f  the D e p l o y a b l e  R e f e r e n c e  C o n f i g u r a t i o n  S p a c e  S t a t i o r i " ?  NASA 
Techn i ca l  Memo r a n  dum 36356 ? Play 1985. 

Y o u n g ,  J c r h n  W .  : L a l l m a n ,  F r e d e r i c k  J .  j C o o p e r ,  Paul A .  : G i e s y ,  
D a n i e l  P .  : " C o n t r o l / S t r u c t u r e s  I n t e r a c t i o n  S t u d y  o f  Two 300 KW 
Dual-Keel S p a c e  S t a t  i o n  C o n c e p t s "  , NASA T e c h n i c a l  P l e r n o r a n d u m  87479,  
May , 1986. 

15 



APPENDIX A 

Conf igurat ion A : Boom wi th  Photo-uoltaic 

1. Table  A - 1  : Mass proper t ies  

2. Table  A-2 : L i s t  o f  frequencies f o r  Conf igurat ion A 

3. Table  A-3 : L i s t  o f  frequencies for Conf igurat ion A 
w i t h  s h u t t l e  at tached 

4 .  Selected mode shapes 

A-1 



Table A-1 : Mass Properties f o r  Configuration k 
( Boom with Photo-Voltaic j 

I I 
I 'Jalue I 
I I 

I I I I 
I Property I Configuration A I Configuration A I 
I I I w/shuttle Attached I 
I I I I 

I I I f 
I 
I 

I T o t a l  Weight Ilbfj I 6.27 X 10**4 I 2.98 X 10**5 
I I I 
I I I I 
I X c.g. ( i n >  I -22.0 I -5.0 I 

I I I I 
I 'f c.3. ( i n )  I 120.0 I 1910 .0  I 
I I I I 
I I I I 
I 2 c.g. ( i n >  I -9.0 I -2.0 I 
I I I I 
1 I I I 
I I x x  (in-lbf-s**Z> I 1.25 X 10**ll I 3.84 X 10**11 I 
I I I I 
I I I I 
I I x y  (in-lbf-s**2) I -1.73 X 10**9 I 7.84 X 10**9 I 

I I I I 
I I y y  (in-lbf-s**2) I 3.47 X 10**11 I 3.85 x 10**11 I 
I I I I 
I I I I 
I Iyz ! i n - l b f - s - * x L J  1 2.33 X 10**3 I 2.43 x 10**9 I 
I I I I 
1 I I I 
I I x i  Iin-lbf-s**2) I -5.93 X 10**9 I 3.80 X 10**9 I 
I I I I 
I I I I 
I Izz (in-lbf-s**2) I 1.24 X lO**ll I 4.13 X 10**11 I 
I I I I 

Notes : 1. C.G. rneasured from middle of center bay 
2. Inertias t a k e n  about C.G. 
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Configuration A 
9 foot bay size 
mode # 9, freq. = 0.29 Hz 
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Configuration A 
5 meter bay size 
mode # 17, freq. = 0.60 Hz 

.- 
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Configuration A 
9 foot bay size 
mode # 17, freq. = 0.39 HZ 

c 
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Configuration A 
5 meter bay size 
mode # 22, freq.'= 155 Hz 
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Conf ig urd ion A w /shu t tle 
9 foot bay size 
mode # 10, freq. = 0.24 Hz 

Shuttle attachment point 
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- .  

Configuration A w /shu t tle 
5 meter bay size. 
mode # 18, freq. = 0.44 Hz 

- Shuttle attachment point 

A-1 0 



Configuration A wlshuttle 
9 foot bay size 
mode # 19, freq. = 0.43 Hz 

- Shuttle attachment point 

A-11 
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Configuration A w Ishu t tle 
5 meter bay size 
mode # 19, freq. '= 0.55 Hz 

f l  

\ 

Shuttle attachment point 
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APPENDIX B 

Configuration B : Boom with Photo-voltaic & US Modules 

1. Table B-1 : Mass properties 

2. Table B-2 : List of frequencies for Configuration B 

3. Figure B-1 : Minimum gain margin Bode plots 

4. Selected mode shapes 

B-1 



T a b l e  E-1 : M a s s  P r o p e r t i e s  f o r  C o n f i g u r a t i o n  B 
( Boom w i  th  Pl) and US M o d u l e s  ) 

N o t e s  : 1 = C .G. m e a s u r e d  f rorr i  m i d d l e  o f  cen te r  bay 
2. I n e r t i a s  taken a t l o u t  C.G. 
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Configuration B 
9 foot bay size 
mode # 9, freq. = 0.24 Hz 

tl-b 
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Configuration B 
5 meter bay size 
mode # 17, freq. = 0.46 Hz 
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Configuration B 
9 foot bay size 
mode # 21, freq.'= 106 Hz 

P 



Configuration B 
5 meter bay size 
mode # 23, freq. = 1.76 Hz 

I 
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APPENDIX C 

Configuration C : Boom with Photo-voltaic, Solar Dynamic 
6 US Modules 

1. Table C - 1  : Mass properties 

2. Table C-2 : List o f  frequencies f o r  Configuration C 

3. Figure C-1 : Minimum gain margin Bode plots 

4. Selected iiiode shapes 

C - 1  



T a b l e  C - l  : Mass P r o p e r t i e s  f o r  C o n f i g u r a t i o n  C 
( Boom w i t h  P U ,  SD and US Modules  1 

I 
I Proper ty  

I I 
I V a l u e  I 

I I I 

I I I 
I T o t a l  Weight [ l b f j  I 2 . 5 1  X 10-k%5 I 
I I I 
I I I 
I X c.9. ( i n : )  I 1 5 . 0  I 

N o t e s  : 1. C . G .  measured from m i d d l e  o f  c e n t e r  bay 
2. I n e r t i a s .  t a k e n  abut C . G .  
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Configuration C 
9 foot bay size 
mode # 7, freq. = 0.10 Hz 
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Configuration C 
5 meter bay size 
mode # 7, freq. = 0.18 Hz 
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Configuration C 
9 foot bay size 
mode # 25, freq. = 0.69 Hz 

C-8 
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Configuration C 
5 meter bay size 
mode # 23, freq., = 0.82 HZ 
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APPENDIX D 

Configuration D : Boom with Photo-voltaic, Solar Dynamic, 
US and International Modules 

1. Table D-1 : Mass properties 

2. Table D-2 : List of frequencies for Configuration D 

3. F i g u r e  D-1 : Minimum gain margin Bode plots 

4. Selected mode shapes 
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T a b l e  0-1 : Mass P r o p e r t i e s  f o r  C o n f i g u r a t i o n  D 
( Boom w/PU, SD, US and I n t e r .  Modules  1 

I I I 
I P r o p e r t y  I V a l u e  I 
I I I 

I I I 
I T o t a l  Weight ( l b f )  I 3 . 6 7  X 10**-5 I 

I I I 

N o t e s  : 1. 12.13. measured from m i d d l e  o f  c e n t e r  bay 
2 .  I n e r t i a s  t a k e n  a t l o u t  C.G. 

D - 2  
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Configuration D 
9 foot bay size 
mode # 7, freq. = 0.10 Hz 

r .  
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Configuration D 
5 meter bay size 
mode # 7, freq. = 0.17 Hz 
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Configuration D 
9 foot bay size 
mode # 13, freq. = 0.24 Hz 
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Configuration D 
5 meter bay size 
mode # 21, freq. '= 0.40 Hz 

D-9 



APPENDIX E 

Configuration E : Reference Dual Keel 

1. Table E-1 : Mass properties 

2 .  Table E-2 : List of frequencies for Configuration E 

3. Figure E-1 : Minimum gain margin Bode plots 

4. Selected mode shapes 



T a b l e  E - 1  : Ma55 P r o p e r t i e s  f o r  C o n f i g u r a t i o n  E 
< R e f e r e n c e  D u a l  Keel 1 

Nu tes : 1. C .G. measured f rorn m i d d l e  o f  c e n t e r  bay 
2 .  I n e r t i a s  taken  a t tout  C.G. 
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Configuration E 
9 foot bay size 
mode # 7, fteq. =‘0.13 Hz 
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Configuration E 
5 meter bay size 
mode # 7, freq. = 0.22 Hz 
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Configuration E 
9 foot bay size 
mode # 8, freq. = 0.14 Hz 
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Configuration E 
5 meter bay size 
mode # 8, freq. = 0.23 Hz 
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Configuration E 
9 foot bay size 
mode # 12, freq. = 0.22 Hz 

. 
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Configuration E 
5 meter bay size 
mode # 21, freq. = 0.39 Hz 
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